ABSTRACT
For prokaryotes, there are a number of gene-finding tools that can reliably predict the location of genes in a genome under study, for example GLIMMER (Delcher et al., 1999) , GS-finder (Ou et al., 2004) , MED-Start (Zhu et al., 2004) , ZCurve (Guo et al., 2000) and GeneMarkS (Besemer et al., 2001) . Essentially, these methods are based on a search for open reading frames with a statistically significant minimal length. In addition, characteristic statistics of sequence content features, such as oligo-nucleotide frequencies, are considered for evaluation of these open reading frames. But, while it is obvious how to identify the end position of a putative gene, it is by no means trivial to determine the corresponding start position as the codons for signaling the initiation of translation may also be used inside genes to code for amino acids. Systematic studies have shown that existing gene finders perform poorly in the prediction of correct translation initiation sites (TIS) (Ou et al., 2004; Zhu et al., 2004; Tech and Merkl, 2003) . Consequently, many start positions are incorrectly annotated in databases and, due to the concepts used for gene annotation, these errors tend to be propagated to newly annotated genomes.
We present a tool, TICO (Translation Initiation site COrrection), for improving the results of conventional gene finders by analyzing and relocating prior predictions of prokaryotic TIS. Currently our tool provides an interface for post processing the output of the widely used program GLIMMER. Unlike other programs it is not based on any specific assumptions about prokaryotic TIS. Some existing tools do provide a sequence model and an unsupervised method for optimizing most of the parameters without the need for prior knowledge (Ou et al., 2004; Zhu et al., 2004; Guo et al., 2000; Suzek et al., 2001) . However, these models usually include additional TIS related * To whom correspondence should be addressed. The figure illustrates two parameters, which may be adapted by the user. Above, the search range is shown. This range defines the maximum distance to be searched for alternative start sites around the initially predicted TIS (denoted as initial TIS in the figure) . The initial TIS and the alternative start sites are termed candidate TIS. Below, the extract range is shown. This defines the regions around each candidate TIS to be extracted for the scoring based on unsupervised learning. For both parameters, search range and extract range, the length of upstream and downstream regions can be adjusted independently by the user.
parameters that cannot be adjusted by means of the optimization method. These special parameters can for instance involve the length of a putative RBS motif, the maximal number of RBS motifs considered or the distribution of the start codon usage. Usually these parameters are adjusted to 'default' values, which provide good results on genomes like Escherichia coli and Bacillus subtilis. Because with that choice one implicitly makes assumptions about TIS characteristics there exists a certain amount of a risk that the results become suboptimal if the tools are applied to genomes of other species. Our method is based on the analysis of candidate TIS sequences as obtained from the flanking regions of potential start codons. We implemented a clustering algorithm that performs an unsupervised classification of sequences according to strong-TIS and weak-TIS categories. As potential TIS locations we consider the positions of all admissible start codons in a specified search range (Fig. 1) around the initial TIS, as predicted by a conventional gene finder. In addition, potential start codons have to share the same reading frame of the associated gene and no in-frame stop codon has to occur between the candidate start and the annotated stop. For an initial classification we consider each TIS predicted by the gene finder as strong TIS and all other candidates within the same search range as weak TIS. The two classes are represented by inhomogeneous second order Markov models with positional smoothing (Meinicke et al., 2004) of the corresponding trinucleotide probabilities. In an iterative process the candidate TISs are scored with a positional weight matrix (PWM) based on the difference between the log-probabilities of the two second-order Markov models for weak TIS and strong TIS, respectively. Each time, the candidate with the highest positive score within the search range is considered to be a strong TIS.
TICO currently supports post processing of predictions obtained by the widely used program GLIMMER (Delcher et al., 1999) . GLIMMER is well-suited for prior prediction because it has high sensitivity and therefore it can be expected to give a relatively small number of totally missed genes. Nevertheless, in future versions of our tool we will also support additional input formats (e.g. GenBank). For post processing of GLIMMER predictions the user has to submit the annotation as achieved from the GLIMMER output together with the FASTA sequence of the genome. Both files have to be uploaded at our web site. In addition to the annotation and sequence inputs, some optional parameters may be adjusted by the user. First, the range for searching additional candidate TIS (termed search range, Fig. 1 ) may be adjusted. Here the user may define the maximum distance to search for alternative start sites. The default values are 250 nt upstream and 250 nt downstream of an initial TIS. These values can be altered independently. As mentioned above, all possible start codons that share the reading frame of the predicted TIS (with no inframe stop codon) are considered in the algorithm. All potential start codons, which include the initially predicted TIS and the alternative start sites, are termed candidate TISs.
The second parameter, termed extract range, may be adjusted in the same way. By using this parameter the user has the possibility to define the window around each candidate TIS to be extracted for analysis by means of the unsupervised learning routines. Due to the fact that these sequence windows are used for clustering and scoring a candidate they should be wide enough to contain the characteristics of the potential start site. The default values are 30 nt upstream and 30 nt downstream a candidate TIS.
Third, the standard deviation parameter sigma of the Gaussian probability density function used for smoothing of the estimated trinucleotide probabilities may be adjusted. The choice of the Gaussian smoothing kernel does not imply any distributional assumptions on the trinucleotide occurrences, it just adapts the estimation to a varying number of genes under consideration. The default value of sigma = 0.5 should work well for genomes with approximately 4000 genes. For a genome with a considerably smaller number of genes, it may be useful to choose a higher degree of smoothing, i.e. a larger sigma, in order to prevent vanishing probabilities.
At last a minimum gene length may be set by the user. This prevents the algorithm from reannotating a TIS, if the resulting gene is too short to be likely to code. If the distance of a potential candidate TIS to the annotated stop falls below the minimum gene length, it is omitted from the list of candidates.
At the current state TICO provides two output formats: a GLIMMER-like output and an output in GFF (general feature format). The output will be emailed to the user as selected in the web interface. The adapted GLIMMER output contains all putative Among these RBSfinder (Suzek et al., 2001) , GS-finder (Ou et al., 2004) and MED-Start are used as post processors on the same GLIMMER2.02-prediction as TICO. Accuracy was measured in percent of TIS that was predicted correctly with respect to reference annotations for 854 genes from the EcoGene database. The GBK entry refers to EcoGene TIS that coincide with the corresponding GenBank annotation.
genes from the initial GLIMMER prediction in the original notation. For each gene two columns are appended: the score calculated for the respective TIS and the number of nucleotides by which the TIS is shifted from the initial GLIMMER predicted position. If the predicted position is located upstream of the initially predicted TIS, it is denoted by a negative value and if it is located downstream the value is positive. The score is the value from the PWM for the respective TIS. The GFF-output is denoted according to the specifications of the Sanger Institute (http://www.sanger.ac.uk/). It contains the GLIMMER-predicted values denoted with the feature tag CDS (coding region) and the suggested new positions denoted with the tag REANNCDS. The GFF-output can be visualized using the program ARTEMIS (Rutherford et al., 2000) . By adding the line colour_o_REANNCDS = 1 to the options-file the relocated TIS will appear grey, while the CDS by default is colored light blue.
We evaluated the results of TICO as compared with other stateof-the-art gene finders and post processors on the EcoGene dataset (Rudd, 2000) , which contains 854 annotations with verified Ntermini (Table 1 ). The input was the prediction of GLIMMER2.02. As compared with the GLIMMER input, the accuracy of the TIS prediction could be improved by 31.1%. Other input formats as well as a stand-alone version of the tool will be provided soon.
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